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This Letter presents measurements of l±νγ and l+l−γ (l = e,μ) production in 1.02 fb−1 of pp collision
data recorded at

√
s = 7 TeV with the ATLAS detector at the LHC in the first half of 2011. Events dom-

inated by W γ and Zγ production with leptonic decays of the W and Z bosons are selected, and their
production cross sections and kinematic properties are measured in several ranges of the photon trans-
verse energy. The results are compared to Standard Model predictions and are used to determine limits
on anomalous W W γ and Z Zγ /Zγ γ couplings.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Standard Model (SM) predicts self-couplings of the W bo-
son, the Z boson and the photon through the non-Abelian
SU(2)L × U (1)Y gauge group of the electroweak sector. Experimen-
tal tests of these predictions have been made in pp̄ and pp collider
experiments through the s-channel production of one of the gauge
bosons and its subsequent coupling to a final state boson pair such
as W W , W Z , and W γ (s-channel production of Z Z and Zγ are
forbidden in the SM). The production cross sections are sensitive to
the couplings at the triple gauge-boson (TGC) vertices and there-
fore provide direct tests of SM predictions. Deviations of the TGC
from the SM expectation could occur from a composite structure of
the W and Z bosons, or from the presence of new bosons that de-
cay to SM vector boson pairs. Previous measurements of W γ and
Zγ production have been made at the Tevatron by the CDF [1]
and D0 [2,3] Collaborations, and at the CERN Large Hadron Col-
lider (LHC) by the ATLAS [4] and CMS [5] Collaborations.

In this Letter we report measurements of the production of W γ
and Zγ boson pairs from pp collisions provided by the LHC, at a
centre-of-mass energy of 7 TeV. The analysis presented here uses a
data sample corresponding to an integrated luminosity of 1.02 fb−1

collected by the ATLAS experiment in the first half of 2011. Events
triggered by high transverse energy (ET) electrons and high trans-
verse momentum (pT) muons are used to select pp → l±νγ + X
and pp → l+l−γ + X production. Several processes contribute to
these final states, including final state radiation (FSR) of photons
from charged leptons in inclusive W or Z production, radiation

✩ © CERN for the benefit of the ATLAS Collaboration.
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of photons from initial or final state quarks in W or Z produc-
tion, and radiation of photons directly from W bosons through the
W W γ vertex.

The production processes are categorized according to the pho-
ton transverse energy. The event sample with low Eγ

T photons
includes a large contribution from W /Z boson decays with final
state radiation. For a better comparison to SM predictions, the
events are analyzed both inclusively, with no requirements on the
recoil system, and exclusively, requiring that there is no hard jet.
The inclusive V γ (V = W or Z ) event sample includes significant
contributions of photons from final state parton fragmentation,
whereas for exclusive V γ events, the photons originate primar-
ily as radiation from initial state quarks in W and Z production,
or from the W W γ vertex in W γ events. The measurements of
exclusive V γ events with high Eγ

T photons are used to extract
limits on anomalous triple gauge-boson couplings (aTGCs). The ob-
served limits are compared with the corresponding measurements
at the Tevatron [1–3] and LEP [6], as well as the measurements
from CMS [5].

2. The ATLAS detector and the data sample

The ATLAS detector [7] is composed of an inner tracking system
(ID) surrounded by a thin superconducting solenoid providing a 2 T
axial magnetic field, electromagnetic (EM) and hadronic calorime-
ters, and a muon spectrometer (MS). The ID consists of three
subsystems: the pixel and silicon microstrip (SCT) detectors cover
the pseudorapidity range |η| < 2.5,1 while the Transition Radiation

1 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector and the z-axis along the beam
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Tracker (TRT) has an acceptance range of |η| < 2.0. The calorime-
ter system covers the range |η| < 4.9 and is composed of sampling
calorimeters with either liquid argon (LAr) or scintillating tiles as
the active media. In the region |η| < 2.5, the EM LAr calorimeter is
finely segmented and plays an important role in electron and pho-
ton identification. The MS is based on three large superconduct-
ing toroids arranged with an eight-fold azimuthal coil symmetry
around the calorimeters, and a system of three stations of cham-
bers for the trigger and precise measurements of muon tracks.
Data were collected during the first half of 2011 from pp collisions.
Events were selected by triggers requiring at least one identified
electron with ET > 20 GeV or a muon with pT > 18 GeV. The total
integrated luminosity used for this measurement is 1.02 fb−1 with
an uncertainty of 3.7% [8,9].

3. Simulation of W γ and Zγ events and backgrounds

Monte Carlo (MC) event samples, including a full simula-
tion [10] of the ATLAS detector with geant4 [11], are used to com-
pare the data to the SM signal and background expectations. All
MC samples are simulated with in-time pile-up (multiple pp in-
teractions within a single bunch crossing) and out-of-time pile-up
(signals from neighbouring bunch crossings). The average number
of in-time pile-up for the data sample used for this analysis is 6
and extends to about 12.

The production pp → l±νγ + X is modelled with the alpgen

generator [12] interfaced to herwig [13] for parton shower and
fragmentation processes, and to jimmy [14] for underlying event
simulation. The modelling of pp → l+l−γ + X process is performed
with sherpa generator [15] since the simulation of this process
is not available in alpgen. The cteq6l1 [16] and cteq6.6m [17]
parton distribution functions (PDF) are used for samples gener-
ated with alpgen and sherpa, respectively. The FSR photons from
charged leptons is handled by photos [19] for the alpgen sam-
ple, and by the sherpa generator for the sherpa sample. All the
signal production processes, including the photon fragmentation,
are simulated by these two generators. The alpgen sample is gen-
erated with leading-order (LO) matrix elements for final states
with up to five partons, whereas the sherpa sample is generated
with LO matrix elements for final states with up to three par-
tons. The Z → ll and W → τν backgrounds are modelled with
pythia [18]. The radiation of photons from charged leptons is
treated in pythia using photos. tauola [20] is used for τ lepton
decays. The powheg [21] generator is used to simulate tt̄ pro-
duction, interfaced to pythia for parton showering. The W W and
single-top quark productions are modelled by mc@nlo [22,23], in-
terfaced to herwig for parton showering and fragmentation. The
next-to-leading-order (NLO) cross-section predictions are used to
normalize the simulated background events. Other backgrounds
are derived from data as described in Section 6.

4. Reconstruction and selection of W γ and Zγ candidates

The W and Z bosons are selected through their decays into eν ,
μν and e+e− , μ+μ− , respectively. The W γ final state consists of
an isolated electron or muon, large missing transverse momentum
due to the undetected neutrino, and an isolated photon. The Zγ fi-
nal state contains one e+e− or μ+μ− pair and an isolated photon.

pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ

being the azimuthal angle around the beam pipe. The pseudorapidity is defined in
terms of the polar angle θ as η = − ln tan(θ/2). The distance 	R in the η–φ space
is defined as 	R = √

(	η)2 + (	φ)2.

Collision events are selected by requiring at least one reconstructed
vertex with at least three charged particle tracks. If more than one
vertex satisfies the vertex selection requirement, the vertex with
the highest sum of the p2

T of the associated tracks is chosen.
An electron candidate is obtained from an energy cluster in the

EM calorimeter associated with a reconstructed charged particle in
the ID. The electron’s ET must be greater than 25 GeV. To avoid
the transition regions between the calorimeters, the electron clus-
ter must satisfy |η| < 1.37 or 1.52 < |η| < 2.47. The selection of
W (→ eν)γ events requires one electron passing tight identifica-
tion cuts [24]. Two oppositely charged electrons passing medium
identification cuts [24] are required in the Z(→ e+e−)γ selection.
To reduce the background due to a jet misidentified as an elec-
tron in the W γ analysis, a calorimeter-based isolation requirement
E iso

T < 6 GeV is applied to the electron candidate. E iso
T is the total

transverse energy recorded in the calorimeters within a cone of ra-
dius 	R = 0.3 around the electron direction (excluding the energy
from the electron cluster). E iso

T is corrected for leakage of the elec-
tron energy outside the electron cluster and for contributions from
the underlying event and pile-up [25].

Muon candidates are identified by associating complete tracks
or track segments in the MS to tracks in the ID [26]. Each selected
muon candidate is a combined track originating from the primary
vertex with transverse momentum pT > 25 GeV and |η| < 2.4. It is
required to be isolated by imposing R iso(μ) < 0.1, where R iso(μ)

is the sum of the track pT in a 	R = 0.2 cone around the muon di-
rection divided by the muon pT. For the W (→ μν)γ measurement
at least one muon candidate is required in the event, whereas for
the Z(→ μ+μ−)γ measurement, the selected events must have
exactly two oppositely charged muon candidates.

Photon candidates use clustered energy deposits in the EM
calorimeter in the range |η| < 2.37 (excluding the calorimeter tran-
sition region 1.37 < |η| < 1.52) with ET > 15 GeV. Requirements
on the shower shape [25] are applied to suppress the background
from multiple showers produced in meson (e.g. π0, η) decays.
To further reduce this background, a photon isolation requirement
E iso

T < 6 GeV is applied. The definition of photon isolation is simi-
lar to the electron isolation described above.

The reconstruction of the missing transverse momentum (Emiss
T )

[27] is based on the energy deposits in calorimeter cells in-
side three-dimensional clusters. Corrections for the calorimeter re-
sponse to hadrons, dead material, out-of-cluster energy, as well as
muon momentum are applied. A selection requirement of Emiss

T >

25 GeV is applied in the W γ analysis.
Jets are reconstructed from calorimeter clusters using the anti-

kt jet clustering algorithm [28] with radius parameter R = 0.4. The
selected jets are required to have pT > 30 GeV with |η| < 4.4,
and to be well separated from the lepton and photon candidates
(	R(e/μ/γ , jet) > 0.6). In the exclusive W γ and Zγ analyses,
events with one or more jets are vetoed.

For each selected W γ candidate event, in addition to the pres-
ence of one high pT lepton, one high ET isolated photon and large
Emiss

T , the transverse mass of the lepton-Emiss
T system is required to

be mT(l, ν) =
√

2pT(l) · Emiss
T · (1 − cos	φ) > 40 GeV, where 	φ is

the azimuthal separation between the directions of the lepton and
the missing transverse momentum vector. A Z -veto requirement is
applied in the electron channel of the W γ analysis by asking that
the electron–photon invariant mass (meγ ) is not within 10 GeV of
the Z boson mass.

For Zγ candidates, the invariant mass of the two oppositely
charged leptons is required to be greater than 40 GeV. In both
W γ and Zγ analyses, a requirement 	R(l, γ ) > 0.7 is applied to
suppress the contributions from FSR photons in W and Z boson
decays.
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5. Signal efficiencies

The efficiencies of the lepton selections, and the lepton triggers,
are first estimated from the W /Z + γ signal MC events and then
corrected with scale factors derived using high purity lepton data
samples from W and Z boson decays to account for small discrep-
ancies between the data and the MC simulation [24–26,29].

The average efficiency for the tight electron selection in W γ
events is (74.9 ± 1.2)%. For the medium quality electron selec-
tion in Zγ events, the efficiency is (96.4 ± 1.4)% and (91.0 ±
1.6)% for the leading and sub-leading electron, respectively. The
electron-isolation efficiency is > 99% ± 1%. The uncertainties re-
ported throughout this Letter, unless stated otherwise, reflect the
combined statistical and systematic uncertainties. The efficiency of
the electron trigger, which is used to select the data sample for the
electron decay channels, is found to be > 99.5% for both tight and
medium electron candidates.

The muon-identification efficiency for the W γ and Zγ analy-
ses is estimated to be (90 ± 1)%. The muon-isolation efficiency is
> 99% with negligible uncertainty. The efficiency of the muon trig-
ger to select the W γ and Zγ events is (83 ± 1)% and (97 ± 1)%,
respectively.

The photon identification efficiency is determined from W γ
and Zγ MC samples where the shower shape distributions are
corrected to account for the observed small discrepancies between
data and simulation. The photon identification efficiency increases
with the photon ET, and is estimated to be 68%, 88% and 90%
for photons with ET > 15, 60 and 100 GeV, respectively. The main
sources of systematic uncertainty come from the imperfect knowl-
edge of the material in front of the calorimeter, the background
contamination in the samples used to determine the corrections to
the shower shape variables, and pile-up effects [25]. The system-
atic uncertainty in the identification efficiency due to the uncer-
tainty in the photon contributions from quark/gluon fragmentation
is also considered. The overall relative uncertainty in the photon
identification efficiency is 11% for ET > 15 GeV, decreasing to 4.5%
for ET > 60 or 100 GeV. The photon isolation efficiency is esti-
mated using W γ and Zγ signal MC events and cross-checked with
data using electrons from Z → e+e− decays [24]. The estimated ef-
ficiency varies from (98 ± 1.5)% for ET > 15 GeV to (91 ± 2.5)% for
ET > 100 GeV.

6. Background determination and signal yield

The dominant source of background in this analysis comes from
V + jets (V = W or Z ) events where photons from the decays
of mesons produced in jet fragmentation (mainly π0 → γ γ ) pass
the photon selection criteria. Since the fragmentation functions of
quarks and gluons into hadrons are poorly constrained by exper-
iments, these processes may not be well modelled by the MC
simulation. Therefore the V + jets backgrounds are derived from
data.

For the W γ analysis, another important source of background
which is not well modelled by MC simulations is the γ + jets pro-
cess. These background events can be misidentified as W γ events
when there are leptons from heavy quark decays (or the hadrons
inside jets are misidentified as leptons) and large apparent Emiss

T is
created by the mis-measurement of the jet energies.

The background contributions from W + jets and γ + jets events
in the W γ analysis, or from Z + jets events in the Zγ analysis, are
estimated from data.

The Z → l+l− process is also one of the dominant backgrounds
in the W γ analysis. Its contribution is estimated from MC simu-
lation, since this process is well understood and modelled. Other
backgrounds such as those from tt̄ decay for the Zγ analysis, and

those from electroweak (EW) processes (W → τν, W W ), single
top and tt̄ for the W γ analysis, are less important and are es-
timated from MC simulation. These processes, together with the
Z → l+l− background, are referred to collectively as “EW+ tt̄ back-
ground”.

The misidentified photons (leptons) in V + jets (γ + jets)
events are more likely to fail the photon (lepton) isolation crite-
ria. A “pass-to-fail” ratio fγ ( fl) is defined as the ratio of photon
(lepton) candidates passing the photon (lepton) isolation criteria
to the number of candidates failing the isolation requirement. The
ratio fγ is measured in W → lν (Z → l+l−) events with one
“low quality” photon candidate. A “low quality” photon candidate
is defined as one that fails the photon shower-shape selection cri-
teria, but passes a background-enriching subset of these criteria.
The ratio fe is measured in a control sample, which requires the
events to pass all the W + γ selection criteria, except the Emiss

T
requirement. The control sample for fμ measurement is defined
in a way similar to that used for fe , except that in addition the
muon track is required to have a large impact parameter in order
to enhance the heavy flavor component. The estimated contribu-
tion of V + jets is obtained by multiplying the measured fγ by the
number of events passing all V + γ selections, except the photon
isolation requirement. Similarly the γ + jets background is esti-
mated using the measured fl .

The accuracy of the W /Z/γ + jets background determination
has been assessed in detail. The ratios fγ and fl , which are mea-
sured in background-enriched samples, may be biased due to the
different composition of these samples and the signal sample. To
estimate the uncertainty in fγ from this source, two sets of al-
ternative selections, with tighter and looser background selection
requirements, are used to obtain alternative control samples. fe is
also measured in an alternative control sample selected by requir-
ing that events pass all W + γ selection criteria, except that the
electron fails the tight identification criteria but passes the low
quality criteria. To determine the systematic uncertainty on fμ ,
the Emiss

T and impact parameter requirements for the muon track
are varied to obtain alternative control samples. The W /Z/γ + jets
background estimates from the alternative control samples are
consistent with those obtained from the nominal samples, and the
differences are assigned as systematic uncertainties. The changes in
the background estimates from varying the photon or lepton isola-
tion requirements are also assigned as systematic uncertainties.

Extrapolation methods are used to cross-check the W /Z/γ +
jets background estimates in the high Eγ

T region, where few events
are available. The extrapolation method scales the well-measured
background level in the low Eγ

T region to the high Eγ
T region us-

ing the Eγ
T distribution shape obtained from control samples. The

differences between results obtained from the nominal and extrap-
olation methods are used as additional uncertainties.

The uncertainties on the “tt + EW” background include the the-
oretical uncertainty on the NLO cross section (between 6%–7% de-
pending on the process), the luminosity uncertainty (3.7%) [8,9]
and the experimental systematic uncertainty. The latter is domi-
nated by the uncertainties on the jet energy scale (5%) and the EM
shower shape modelling in the MC simulation (4%–11%).

A summary of background contributions and signal yields in
the W γ and Zγ analyses is given in Table 1 and Table 2, respec-
tively. The photon transverse energy and jet multiplicity distribu-
tions from the selected W γ and Zγ events are shown in Fig. 1
and Fig. 2, respectively. The data are compared to the sum of the
backgrounds and the SM signal predictions. The distributions for
the expected W γ and Zγ signal are taken from signal MC sim-
ulation and normalized to the extracted number of signal events
shown in Table 1 (Nsig

W γ ) and Table 2 (Nsig
Zγ ).
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Fig. 1. Distributions of the photon transverse energy for the combined electron and muon decay channels in (a) W γ candidate events and (b) Zγ candidate events, with
no requirements on the recoil system. The selection criteria are defined in Section 4. The distributions for the expected signals are taken from the MC simulation and
normalized to the extracted number of signal events shown in Table 1 and Table 2. The ratio between the number of candidates observed in the data and the number of
expected candidates from the signal MC simulation and from the background processes is also shown.
Table 1
Expected numbers of background events, observed numbers of signal events (Nsig

W γ )

and total numbers of events passing the selection requirements in the data (Nobs
W γ )

for the pp → eνγ channel and the pp → μνγ channel in different Eγ
T and jet mul-

tiplicity regions. The combined statistical and systematic uncertainties are shown.
The uncertainty on the background prediction is dominated by systematic uncer-
tainties in all regions. The contribution from the EW background is dominated by
the Z → e+e−(μ+μ−) process.

pp → eνγ pp → μνγ pp → eνγ pp → μνγ

Region Eγ
T > 15 GeV Eγ

T > 15 GeV

Njet � 0 Njet = 0

Nobs
W γ 2649 3621 1666 2238

W + jets 439 ± 108 685 ± 162 242 ± 68 473 ± 128

γ + jets 255 ± 58 67 ± 16 119 ± 34 28.9 ± 7.4

EW 405 ± 53 519 ± 67 229 ± 30 366 ± 48

tt̄ 85 ± 11 152 ± 20 1.6 ± 0.4 8.1 ± 1.3

Nsig
W γ 1465 ± 139 2198 ± 183 1074 ± 91 1362 ± 145

Region Eγ
T > 60 GeV Eγ

T > 60 GeV

Njet � 0 Njet = 0

Nobs
W γ 216 307 76 104

W + jets 14.2 ± 6.9 27.1 ± 10.1 6.4 ± 3.5 12.9 ± 5.9

γ + jets 10.8 ± 6.6 7.1 ± 5.1 5.5 ± 4.2 1.7+4.5
−0.7

EW 32.0 ± 3.6 29.9 ± 3.6 9.2 ± 1.8 12.6 ± 2.0

tt̄ 13.1 ± 1.4 29.5 ± 3.2 0.3 ± 0.2 2.4 ± 0.6

Nsig
W γ 146 ± 16 214 ± 19 54.6 ± 9.4 74.4 ± 11.4

Region Eγ
T > 100 GeV Eγ

T > 100 GeV

Njet � 0 Njet = 0

Nobs
W γ 61 85 21 18

W + jets 4.5 ± 2.8 2.8 ± 2.1 2.9 ± 2.2 0.4+0.7
−0.4

γ + jets 2.4 ± 2.4 2.4+2.7
−2.4 1.0+2.3

−1.0 0.2+0.7
−0.2

EW 5.8 ± 1.1 8.0 ± 1.8 2.5 ± 0.8 4.0 ± 1.1

tt̄ 3.4 ± 0.6 7.6 ± 0.9 0.2 ± 0.1 0.6 ± 0.3

Nsig
W γ 44.9 ± 7.7 64.2 ± 8.9 14.4 ± 5.0 12.8 ± 3.8

7. Cross-section measurements

The cross sections of the W γ and Zγ processes are measured
as a function of the photon Eγ

T threshold. The measurements are

Table 2
Expected numbers of background events (NBG

Zγ ), observed numbers of signal events

(Nsig
Zγ ) and total numbers of events passing the selection requirements in the data

(Nobs
Zγ ) for the pp → e+e−γ channel and the pp → μ+μ−γ channel in different Eγ

T
and jet multiplicity regions. The combined statistical and systematic uncertainties
are shown. The uncertainty on the background prediction is dominated by system-
atic uncertainties in all regions. The background comes predominantly from Z + jets
events.

e+e−γ μ+μ−γ e+e−γ μ+μ−γ

Region Eγ
T > 15 GeV Eγ

T > 15 GeV

Njet � 0 Njet = 0

Nobs
Zγ 514 634 376 495

NBG
Zγ 43.7 ± 16.5 56.8 ± 16.2 29.3 ± 11.0 39.3 ± 15.8

Nsig
Zγ 471 ± 28 578 ± 29 347 ± 22 456 ± 27

Region Eγ
T > 60 GeV Eγ

T > 60 GeV

Njet � 0 Njet = 0

Nobs
Zγ 40 46 24 32

NBG
Zγ 4.1 ± 2.4 5.1 ± 3.3 1.6 ± 1.6 2.1 ± 2.1

Nsig
Zγ 35.9 ± 6.7 40.9 ± 7.1 22.4 ± 5.1 29.9 ± 5.9

performed in the fiducial region, defined at the particle level us-
ing the objects and event kinematic selection criteria described in
Section 4, and then extrapolated to an extended fiducial region (as
defined in Table 3) common to the electron and muon final states.
Particle level is the simulation stage where stable particles, with
lifetimes exceeding 10 ps, are produced from the hard scattering
or after hadronization, but before interacting with the detector. The
extrapolation is performed to correct for the signal acceptance loss
in the calorimeter transition region (1.37 < |η| < 1.52) for elec-
trons and photons, for the loss in the high η region (2.4 < |η| <

2.47) for muons, for the loss due to the Z -veto requirement in the
W γ electron channel, and for the loss due to the transverse mass
selection criteria in the W γ analysis. Jets at the particle level are
reconstructed in MC-generated events by applying the anti-kt jet
reconstruction algorithm with a radius parameter R = 0.4 to all fi-
nal state stable particles. To account for the effect of final state
QED radiation, the energy of the generated lepton at the particle
level is defined as the energy of the lepton after radiation plus the
energy of all radiated photons within 	R < 0.1 around the lepton
direction. Isolated photons with ε

p
h < 0.5 are considered as signal,

where ε
p
h is defined at particle level as the ratio between the sum
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Fig. 2. Distributions of the jet multiplicity for the combined electron and muon decay channels in (a) W γ candidate events with Eγ
T > 15 GeV, (b) W γ candidate events

with Eγ
T > 60 GeV, (c) W γ candidate events with Eγ

T > 100 GeV, (d) Zγ candidate events with Eγ
T > 15 GeV, and (e) Zγ candidate events with Eγ

T > 60 GeV. The selection
criteria are defined in Section 4. Distributions for expected signal contribution are taken from signal MC simulation and normalized to the extracted number of signal events
as shown in Table 1 and Table 2. The ratio between the number of candidates observed in the data and the number of expected candidates from the signal MC simulation
and from the background processes is also shown.
of the energies carried by final state particles in a cone 	R < 0.4
around the photon direction and the energy carried by the photon.

The measurements of cross sections for the processes pp →
lνγ + X and pp → l+l−γ + X are expressed as

σ ext-fid
pp→lνγ (l+l−γ )

= Nsig
W γ (Zγ )

AW γ (Zγ ) · CW γ (Zγ ) · L
(1)

where

• Nsig
W γ and Nsig

Zγ denote the numbers of background-subtracted
signal events passing the selection criteria of the analyses in
the W γ and Zγ channels. These numbers are listed in Table 1
and Table 2.

• L denotes the integrated luminosities for the channels of in-
terest (1.02 fb−1).

• CW γ and C Zγ denote the ratios of the number of generated
events which pass the final selection requirements after recon-
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Table 3
Definition of the extended fiducial region where the
cross sections are evaluated; pν

T is the transverse
momentum of the neutrino from W decays.

Cuts pp → lνγ pp → l+l−γ

Lepton pl
T > 25 GeV pl

T > 25 GeV

pν
T > 25 GeV

|ηl | < 2.47 |ηl | < 2.47

Boson ml+l− > 40 GeV

Photon Low Eγ
T : Eγ

T > 15 GeV

Medium Eγ
T : Eγ

T > 60 GeV

High Eγ
T : Eγ

T > 100 GeV

|ηγ | < 2.37, 	R(l, γ ) > 0.7

photon isolation fraction ε
p
h < 0.5

Jet E jet
T > 30 GeV, |ηjet| < 4.4

	R(e/μ/γ , jet) > 0.6

Inclusive: N jet � 0, Exclusive: N jet = 0

struction to the number of generated events at particle level
found within the fiducial region [26].

• AW γ and A Zγ denote the acceptances, defined at particle level
as the ratio of the number of generated events found within
the fiducial region to the number of generated events within
the extended fiducial region.

The correction factors CW γ and C Zγ are shown in Table 4. They
are determined using the W /Z +γ signal MC events and corrected
with scale factors to account for small discrepancies between data
and simulation. The uncertainties on CW γ and C Zγ due to the
object selection efficiency are described in Section 5. The uncer-
tainties on CW γ and C Zγ due to the energy scale and resolution
of the objects are summarized below.

The muon momentum scale and resolution are studied by com-
paring the invariant mass distribution of Z → μ+μ− events in
data and MC simulation [26]. The uncertainty in the acceptance
of the W γ or Zγ signal events due to the uncertainties in the
muon momentum scale and resolution is <1%. Similarly the un-
certainty due to the uncertainties in the EM energy scale and res-
olution is found to be <2.5%. The uncertainty from the jet energy
scale and resolution on the exclusive W γ and Zγ signal accep-
tance varies in the range 5%–7%. The uncertainty due to the Emiss

T
requirement is estimated to be 3%. It is due to several factors,
including the uncertainty on the energy scale of the clusters re-
constructed in the calorimeter that are not associated with any
identified objects, and uncertainties from pile-up and muon mo-
mentum correction.

The overall relative uncertainties in CW γ and C Zγ are as large
as 12.5% in the low Eγ

T fiducial region and as large as 8.3% in the
medium and high Eγ

T fiducial region. They are dominated by the
photon identification efficiency and the jet energy scale.

The acceptances AW γ and A Zγ are calculated using the signal
MC simulation and shown in Table 4. The systematic uncertainties
are dominated by the limited knowledge of the PDFs (<1%) and
of the renormalization and factorization scales (<1% for low Eγ

T
region, <3.5% for medium and high Eγ

T region).
Assuming lepton universality for the W and Z boson decays,

the measured cross sections in the two channels are combined
to reduce the statistical uncertainty. For the combination, it is
assumed that the uncertainties on the lepton trigger and identi-
fication efficiencies are uncorrelated. All other uncertainties, such
as the uncertainties in the photon efficiency, background estima-
tion, and jet energy scale, are assumed to be fully correlated. The

Table 4
Summary of acceptance AW γ (A Zγ ) and correction factors CW γ (C Zγ ) for the cal-
culation of the W γ (Zγ ) production cross sections.

Eγ
T > 15 GeV > 60 GeV > 100 GeV

Njet = 0, e channel

CW γ 0.402 ± 0.049 0.574 ± 0.045 0.517 ± 0.043
AW γ 0.762 ± 0.006 0.685 ± 0.017 0.672 ± 0.019

C Zγ 0.397 ± 0.045 0.592 ± 0.044 –
A Zγ 0.829 ± 0.014 0.834 ± 0.008 –

Njet = 0, μ channel

CW γ 0.453 ± 0.054 0.653 ± 0.057 0.675 ± 0.059
AW γ 0.908 ± 0.006 0.764 ± 0.019 0.708 ± 0.017

C Zγ 0.459 ± 0.052 0.641 ± 0.044 –
A Zγ 0.915 ± 0.016 0.917 ± 0.008 –

Njet � 0, e channel

CW γ 0.453 ± 0.053 0.598 ± 0.036 0.576 ± 0.035
AW γ 0.725 ± 0.050 0.657 ± 0.011 0.666 ± 0.017

C Zγ 0.421 ± 0.044 0.609 ± 0.036 –
A Zγ 0.826 ± 0.014 0.836 ± 0.050 –

Njet � 0, μ channel

CW γ 0.511 ± 0.057 0.650 ± 0.035 0.624 ± 0.035
AW γ 0.872 ± 0.005 0.776 ± 0.019 0.747 ± 0.023

C Zγ 0.485 ± 0.055 0.645 ± 0.035 –
A Zγ 0.915 ± 0.016 0.917 ± 0.005 –

Table 5
Measured cross sections for the pp → lνγ + X and pp → llγ + X processes at√

s = 7 TeV in the extended fiducial region defined in Table 3. The first uncertainty
is statistical and the second is systematic. The 3.7% luminosity uncertainty is not
included.

σ ext-fid [pb] σ ext-fid [pb]

Eγ
T > 15 GeV

exclusive
Eγ

T > 15 GeV
inclusive

eνγ 3.42 ± 0.14 ± 0.50 4.35 ± 0.16 ± 0.64
μνγ 3.23 ± 0.14 ± 0.48 4.82 ± 0.15 ± 0.64
lνγ 3.32 ± 0.10 ± 0.48 4.60 ± 0.11 ± 0.64

e+e−γ 1.03 ± 0.06 ± 0.13 1.32 ± 0.07 ± 0.16
μ+μ−γ 1.06 ± 0.05 ± 0.12 1.27 ± 0.06 ± 0.15
l+l−γ 1.05 ± 0.04 ± 0.12 1.29 ± 0.05 ± 0.15

Eγ
T > 60 GeV

exclusive
Eγ

T > 60 GeV
inclusive

eνγ 0.14 ± 0.02 ± 0.02 0.36 ± 0.03 ± 0.03
μνγ 0.15 ± 0.02 ± 0.02 0.41 ± 0.03 ± 0.03
lνγ 0.15 ± 0.01 ± 0.02 0.38 ± 0.02 ± 0.03

e+e−γ 0.044 ± 0.010 ± 0.004 0.069 ± 0.012 ± 0.006
μ+μ−γ 0.050 ± 0.010 ± 0.004 0.068 ± 0.011 ± 0.005
l+l−γ 0.047 ± 0.007 ± 0.004 0.068 ± 0.008 ± 0.005

Eγ
T > 100 GeV

exclusive
Eγ

T > 100 GeV
inclusive

eνγ 0.040 ± 0.011 ± 0.009 0.114 ± 0.018 ± 0.010
μνγ 0.026 ± 0.008 ± 0.003 0.135 ± 0.018 ± 0.010
lνγ 0.030 ± 0.006 ± 0.006 0.125 ± 0.013 ± 0.010

measured production cross sections for the pp → lνγ + X and
pp → l+l−γ + X processes are summarized in Table 5.

8. Comparison with theoretical predictions

The mcfm [30] program is used to predict the NLO cross section
for pp → l±νγ + X and pp → l+l−γ + X production. It includes
photons from direct W γ and Zγ diboson production, from fi-
nal state radiation off the leptons in the W /Z decays and from
quark/gluon fragmentation into an isolated photon. Possible effects
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Fig. 3. The measured cross section for (a) W γ production, (b) Zγ production as a function of the photon transverse energy, in the extended fiducial region as defined in
Table 3, together with the SM model prediction. Results of the measurement are shown for the electron and muon final states as well as for their combination. The lower
plots show the ratio between the data and the prediction of the MCFM generator.
Table 6
Expected NLO inclusive and exclusive cross sections for the pp → l±νγ + X and
pp → l+l−γ + X processes in the extended fiducial region as defined in Table 3.
The cross sections are quoted at particle (parton) level as described in the text.

Channel Eγ
T (GeV) Cross section

exclusive
Cross section
inclusive

pp → l±νγ >15 2.84 ± 0.20 pb 3.70 ± 0.28 pb
(2.61 ± 0.16 pb) (3.58 ± 0.26 pb)

pp → l±νγ >60 134 ± 21 fb 260 ± 38 fb
(118 ± 16 fb) (255 ± 35 fb)

pp → l±νγ >100 34 ± 5 fb 82 ± 13 fb
(31 ± 4 fb) (80 ± 12 fb)

pp → l+l−γ >15 1.08 ± 0.04 pb 1.23 ± 0.06 pb
(1.03 ± 0.04 pb) (1.22 ± 0.05 pb)

pp → l+l−γ >60 43 ± 4 fb 59 ± 5 fb
(40 ± 3 fb) (58 ± 5 fb)

of composite W and Z boson structure can be simulated through
the introduction of aTGCs. Event generation is done using the
MSTW2008NLO [31] parton distribution functions and the default
electroweak parameters of mcfm. The kinematic requirements for
the parton-level generation are the same as those chosen at parti-
cle level for the extended fiducial cross-section measurements (see
Table 3). The resulting parton-level SM predictions for the cross
sections are summarized by the numbers in parentheses in Table 6.
These are quoted as inclusive, using only the lepton and photon se-
lection cuts, and exclusive, requiring no quark/gluon with |η| < 4.4
and ET > 30 GeV in the final state. The cross-section uncertain-
ties are dominated by the PDF uncertainty, the scale uncertainty
and the uncertainty due to the photon isolation fraction. The scale
uncertainty is evaluated by varying the renormalization and fac-
torization scales by factors of 2 and 1/2 around the nominal scale
MW /Z . The PDF uncertainty is estimated using the MSTW2008NLO
PDFs’ error eigenvectors at their 90% confidence-level (CL) limits.
The uncertainty due to photon isolation fraction is evaluated by
varying εh from 0.0 to 1.0. Here εh is defined at parton level as
the ratio of the sum of the energies carried by the partons in the
cone 	R < 0.4 around the photon direction to the energy carried

by the photon. The variation in the predicted cross section due
to the choice of εh threshold is a conservative estimate of the
uncertainty in matching the parton-level photon isolation to the
photon isolation criteria applied in the experimental measurement.
The total uncertainties in the W γ (Zγ ) NLO cross-section predic-
tions are 7% (5%) for photon Eγ

T > 15 GeV and 14% (8%) for photon
Eγ

T > 60 GeV.
To compare the SM cross-section predictions to the measured

cross section, the theoretical predictions must be corrected for the
difference between jets defined at the parton level (single quarks
or gluons) and jets defined at the particle level as done for the
cross-section measurement. These corrections account for the dif-
ference in jet definitions and in photon isolation definitions be-
tween the particle level and the parton level. The alpgen + herwig

(for W γ ) and sherpa (for Zγ ) MC samples are used to estimate
these parton-to-particle scale factors SW γ and S Zγ . They increase
the parton-level cross sections by typically 5% with uncertainties
that vary from 2% to 9% depending on the channel. These uncer-
tainties for W γ events are evaluated by comparing the differences
in predictions made using alpgen and sherpa. The uncertainties
for Zγ events are evaluated by comparing two sherpa Zγ signal
samples with different configurations: the nominal sample is gen-
erated with up to three partons in the matrix element calculations,
the alternative sample is generated with at most one parton.

The SM predictions for the particle-level (parton-level) cross
sections are summarized in Table 6. The uncertainties quoted in-
clude those from the mcfm parton-level generator predictions,
photon isolation matching to the data, and the scaling from par-
ton to particle-level cross sections. Fig. 3 presents a summary of
all cross-section measurements of W γ and Zγ production made
in this study and the corresponding particle-level SM expectations.
There is good agreement between the measured cross sections for
the exclusive events and the mcfm prediction.

For inclusive production, the mcfm NLO cross-section prediction
includes real parton emission processes only up to one radiated
quark or gluon. The lack of higher-order QCD contributions results
in an underestimation of the predicted cross sections as shown
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Table 7
The measured and expected 95% CL intervals on the charged (	κγ , λγ ) and neutral
(hγ

3 , hZ
3 , hγ

4 , hZ
4 ) anomalous couplings. The results obtained using different Λ values

are shown. The two numbers in each parentheses denote the 95% CL interval.

Measured Measured Expected

Λ 2 TeV ∞ ∞
	κγ (−0.36,0.41) (−0.33,0.37) (−0.33,0.36)

λγ (−0.079,0.074) (−0.060,0.060) (−0.063,0.055)

Λ 1.5 TeV ∞ ∞
hγ

3 (−0.074,0.071) (−0.028,0.027) (−0.027,0.027)

hZ
3 (−0.051,0.068) (−0.022,0.026) (−0.022,0.025)

hγ
4 (−0.0028,0.0027) (−0.00021,0.00021) (−0.00021,0.00021)

hZ
4 (−0.0024,0.0023) (−0.00022,0.00021) (−0.00022,0.00021)

in Fig. 3, especially for events with high Eγ
T photons, which have

significant contributions from multi-jet final states. Fig. 2 shows
that the multi-jet contribution is important in the W γ processes.
Therefore higher-order jet production is needed in the MC sim-
ulation (see Section 3) to describe the photon transverse energy
spectrum with the inclusive selection and the jet multiplicity dis-
tribution in W γ and Zγ events, as shown in Fig. 1 and Fig. 2.

9. Limits on anomalous triple gauge couplings

The spectra of high energy photons in W γ and Zγ events are
sensitive to new phenomena that alter the couplings among the
gauge bosons. These effects can be described by modifying the
W W γ coupling κγ from its SM value of one and adding terms
with new couplings to the W W γ and Z V γ (V = γ or Z ) inter-
action Lagrangian. Assuming C and P conservation separately, the
anomalous TGC (aTGC) parameters are generally chosen as λγ and
	κγ (	κγ = κγ − 1) for the W W γ vertex [32,33], and hV

3 and hV
4

for the Z V γ vertices [34]. Form factors are introduced to avoid
unitarity violation at very high energy. Typical choices of these
form factors for the W W γ aTGCs are: 	κγ (s) = 	κγ /(1 + ŝ/Λ2)2

and λγ (s) = λγ /(1 + ŝ/Λ2)2 [33]. For the Z V γ aTGCs, conven-
tional choices of form factors are hV

3 (s) = hV
3 /(1 + ŝ/Λ2)3 and

hV
4 (s) = hV

4 /(1 + ŝ/Λ2)4 [34]. Here
√

ŝ is the W γ or Zγ invari-
ant mass and Λ is the new physics energy scale. To compare with
the existing limits by D0 [3] and CDF [1], Λ is chosen as 2 TeV
in the W γ analysis and 1.5 TeV in the Zγ analysis. The results
with energy cutoff Λ = inf are also presented as a comparison in
the unitarity violation scheme. Deviations of the aTGC parameters
from the SM predictions of zero lead to an excess of high energy
photons associated with the W and Z bosons.

Measurements of the exclusive extended fiducial cross sections
for W γ production with Eγ

T > 100 GeV and Zγ production with
Eγ

T > 60 GeV are used to extract aTGC limits. The cross-section
predictions with aTGCs (σ aTGC

W γ and σ aTGC
Zγ ) are obtained from the

mcfm generator. The number of expected W γ events in the ex-
clusive extended fiducial region (NaTGC

W γ (	κγ ,λγ )) for given aTGCs

are obtained as NaTGC
W γ (	κγ ,λγ ) = σ aTGC

W γ × CW γ × AW γ × SW γ × L.

For the Zγ case, NaTGC
Zγ (hγ

3 ,hγ
4 ) or NaTGC

Zγ (hZ
3 ,hZ

4 ) are obtained in
a similar way. The anomalous couplings influence the kinematic
properties of W γ and Zγ events and thus the corrections for
event reconstruction (CW γ and C Zγ ). The maximum variations of
CW γ and C Zγ within the measured aTGC limits are quoted as
additional systematic uncertainties. The limits on a given aTGC pa-
rameter (e.g. hV

i ) are extracted from the Bayesian posterior, given
the extended fiducial measurements. The Bayesian posterior proba-
bility density function is obtained by integrating over the nuisance

parameters corresponding to all systematic uncertainties and as-
suming a flat Bayesian prior in hV

i . This calculation has been done
for multiple values of the scale parameter Λ in order to be able to
compare these results with those from LEP [6], Tevatron [1–3] and
CMS [5]. The limits are defined as the values of aTGC parameters
which demarcate the central 95% of the integral of the likelihood
distribution. The resulting allowed ranges for the anomalous cou-
plings are shown in Table 7 for W W γ and Z V γ . The results are
also shown in Fig. 4, along with the LEP, Tevatron and CMS mea-
surements.

10. Summary

The production of W γ and Zγ boson pairs in 7 TeV pp col-
lisions has been studied using 1.02 fb−1 of data collected with
the ATLAS detector. The measurements have been made using
the pp → l±νγ + X and pp → l+l−γ + X final states, where the
charged lepton is an electron or muon and the photons are re-
quired to be isolated. The results are compared to SM predictions
using a NLO parton-level generator. The NLO SM predictions for
the exclusive W γ and Zγ production cross sections agree well
with the data for events with both low (15 GeV) and high (60 GeV
or 100 GeV) photon Eγ

T thresholds. For the high photon thresh-
olds, where multi-jet production dominates, the measured inclu-
sive W γ cross sections are higher than the NLO calculations for
the inclusive pp → l±νγ + X process, which do not include multi-
ple quark/gluon emission. The measurements are also compared to
LO MC generators with multiple quark/gluon emission in the ma-
trix element calculations. These LO MC predictions reproduce the
shape of the photon Eγ

T spectrum and the kinematic properties of
the leptons and jets in the W γ and Zγ candidate events.

The measurements of exclusive W γ (Zγ ) production with
Eγ

T > 100 (60) GeV are used to constrain anomalous triple gauge
couplings (λγ , 	κγ , hV

3 and hV
4 ). No evidence for physics beyond

the SM is observed. The limits obtained in this study are compati-
ble with those from LEP and Tevatron and are more stringent than
previous LHC results.
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Fig. 4. The 95% CL intervals for anomalous couplings from ATLAS, D0 [3], CDF [1], CMS [5] and LEP [6] for (a), (b) the neutral aTGCs hγ
3 , hZ

3 , hγ
4 , hZ

4 as obtained from Zγ
events, and (c) the charged aTGCs 	κγ , λγ . Integrated luminosities and new physics scale parameter Λ are shown. The ATLAS, CMS and Tevatron results for the charged
aTGCs are measured from W γ production. The LEP charged aTGC results are obtained from W W production, which is sensitive also to the W W Z couplings and hence
required some assumptions about the relations between the W W γ and W W Z aTGCs [6,35–37]. The sensitivity of the LEP data to neutral aTGCs is much smaller than that
of the hadron colliders; therefore the LEP results have not been included in (a) and (b).
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F. Fiedler 81, A. Filipčič 74, F. Filthaut 104, M. Fincke-Keeler 169, M.C.N. Fiolhais 124a,h, L. Fiorini 167,
A. Firan 39, G. Fischer 41, P. Fischer 20, M.J. Fisher 109, M. Flechl 48, I. Fleck 141, J. Fleckner 81,
P. Fleischmann 174, S. Fleischmann 175, T. Flick 175, A. Floderus 79, L.R. Flores Castillo 173,
M.J. Flowerdew 99, T. Fonseca Martin 16, A. Formica 136, A. Forti 82, D. Fortin 159a, D. Fournier 115, H. Fox 71,
P. Francavilla 11, S. Franchino 119a,119b, D. Francis 29, T. Frank 172, M. Franklin 57, S. Franz 29,
M. Fraternali 119a,119b, S. Fratina 120, S.T. French 27, C. Friedrich 41, F. Friedrich 43, R. Froeschl 29,
D. Froidevaux 29, J.A. Frost 27, C. Fukunaga 156, E. Fullana Torregrosa 29, B.G. Fulsom 143, J. Fuster 167,
C. Gabaldon 29, O. Gabizon 172, T. Gadfort 24, S. Gadomski 49, G. Gagliardi 50a,50b, P. Gagnon 60, C. Galea 98,
E.J. Gallas 118, V. Gallo 16, B.J. Gallop 129, P. Gallus 125, K.K. Gan 109, Y.S. Gao 143,e, A. Gaponenko 14,
F. Garberson 176, M. Garcia-Sciveres 14, C. García 167, J.E. García Navarro 167, R.W. Gardner 30, N. Garelli 29,
H. Garitaonandia 105, V. Garonne 29, J. Garvey 17, C. Gatti 47, G. Gaudio 119a, B. Gaur 141, L. Gauthier 136,
P. Gauzzi 132a,132b, I.L. Gavrilenko 94, C. Gay 168, G. Gaycken 20, E.N. Gazis 9, P. Ge 32d, Z. Gecse 168,
C.N.P. Gee 129, D.A.A. Geerts 105, Ch. Geich-Gimbel 20, K. Gellerstedt 146a,146b, C. Gemme 50a,
A. Gemmell 53, M.H. Genest 55, S. Gentile 132a,132b, M. George 54, S. George 76, P. Gerlach 175,
A. Gershon 153, C. Geweniger 58a, H. Ghazlane 135b, N. Ghodbane 33, B. Giacobbe 19a, S. Giagu 132a,132b,
V. Giakoumopoulou 8, V. Giangiobbe 11, F. Gianotti 29, B. Gibbard 24, A. Gibson 158, S.M. Gibson 29,
D. Gillberg 28, A.R. Gillman 129, D.M. Gingrich 2,d, J. Ginzburg 153, N. Giokaris 8, M.P. Giordani 164c,
R. Giordano 102a,102b, F.M. Giorgi 15, P. Giovannini 99, P.F. Giraud 136, D. Giugni 89a, M. Giunta 93,
P. Giusti 19a, B.K. Gjelsten 117, L.K. Gladilin 97, C. Glasman 80, J. Glatzer 48, A. Glazov 41, K.W. Glitza 175,
G.L. Glonti 64, J.R. Goddard 75, J. Godfrey 142, J. Godlewski 29, M. Goebel 41, T. Göpfert 43, C. Goeringer 81,
C. Gössling 42, T. Göttfert 99, S. Goldfarb 87, T. Golling 176, A. Gomes 124a,b, L.S. Gomez Fajardo 41,
R. Gonçalo 76, J. Goncalves Pinto Firmino Da Costa 41, L. Gonella 20, S. Gonzalez 173,
S. González de la Hoz 167, G. Gonzalez Parra 11, M.L. Gonzalez Silva 26, S. Gonzalez-Sevilla 49,
J.J. Goodson 148, L. Goossens 29, P.A. Gorbounov 95, H.A. Gordon 24, I. Gorelov 103, G. Gorfine 175,
B. Gorini 29, E. Gorini 72a,72b, A. Gorišek 74, E. Gornicki 38, B. Gosdzik 41, A.T. Goshaw 5, M. Gosselink 105,
M.I. Gostkin 64, I. Gough Eschrich 163, M. Gouighri 135a, D. Goujdami 135c, M.P. Goulette 49,



ATLAS Collaboration / Physics Letters B 717 (2012) 49–69 61

A.G. Goussiou 138, C. Goy 4, S. Gozpinar 22, I. Grabowska-Bold 37, P. Grafström 29, K.-J. Grahn 41,
F. Grancagnolo 72a, S. Grancagnolo 15, V. Grassi 148, V. Gratchev 121, N. Grau 34, H.M. Gray 29, J.A. Gray 148,
E. Graziani 134a, O.G. Grebenyuk 121, T. Greenshaw 73, Z.D. Greenwood 24,m, K. Gregersen 35, I.M. Gregor 41,
P. Grenier 143, J. Griffiths 138, N. Grigalashvili 64, A.A. Grillo 137, S. Grinstein 11, Y.V. Grishkevich 97,
J.-F. Grivaz 115, E. Gross 172, J. Grosse-Knetter 54, J. Groth-Jensen 172, K. Grybel 141, D. Guest 176,
C. Guicheney 33, A. Guida 72a,72b, S. Guindon 54, H. Guler 85,p, J. Gunther 125, B. Guo 158, J. Guo 34,
V.N. Gushchin 128, P. Gutierrez 111, N. Guttman 153, O. Gutzwiller 173, C. Guyot 136, C. Gwenlan 118,
C.B. Gwilliam 73, A. Haas 143, S. Haas 29, C. Haber 14, H.K. Hadavand 39, D.R. Hadley 17, P. Haefner 99,
F. Hahn 29, S. Haider 29, Z. Hajduk 38, H. Hakobyan 177, D. Hall 118, J. Haller 54, K. Hamacher 175,
P. Hamal 113, M. Hamer 54, A. Hamilton 145b,q, S. Hamilton 161, L. Han 32b, K. Hanagaki 116, K. Hanawa 160,
M. Hance 14, C. Handel 81, P. Hanke 58a, J.R. Hansen 35, J.B. Hansen 35, J.D. Hansen 35, P.H. Hansen 35,
P. Hansson 143, K. Hara 160, G.A. Hare 137, T. Harenberg 175, S. Harkusha 90, D. Harper 87,
R.D. Harrington 45, O.M. Harris 138, K. Harrison 17, J. Hartert 48, F. Hartjes 105, T. Haruyama 65, A. Harvey 56,
S. Hasegawa 101, Y. Hasegawa 140, S. Hassani 136, S. Haug 16, M. Hauschild 29, R. Hauser 88, M. Havranek 20,
B.M. Hawes 118, C.M. Hawkes 17, R.J. Hawkings 29, A.D. Hawkins 79, D. Hawkins 163, T. Hayakawa 66,
T. Hayashi 160, D. Hayden 76, H.S. Hayward 73, S.J. Haywood 129, L. He 32b, M. He 32d, S.J. Head 17,
V. Hedberg 79, L. Heelan 7, S. Heim 88, B. Heinemann 14, S. Heisterkamp 35, L. Helary 4, C. Heller 98,
M. Heller 29, S. Hellman 146a,146b, D. Hellmich 20, C. Helsens 11, R.C.W. Henderson 71, M. Henke 58a,
A. Henrichs 54, A.M. Henriques Correia 29, S. Henrot-Versille 115, F. Henry-Couannier 83, C. Hensel 54,
T. Henß 175, C.M. Hernandez 7, Y. Hernández Jiménez 167, R. Herrberg 15, G. Herten 48, R. Hertenberger 98,
L. Hervas 29, G.G. Hesketh 77, N.P. Hessey 105, E. Higón-Rodriguez 167, J.C. Hill 27, K.H. Hiller 41, S. Hillert 20,
S.J. Hillier 17, I. Hinchliffe 14, E. Hines 120, M. Hirose 116, F. Hirsch 42, D. Hirschbuehl 175, J. Hobbs 148,
N. Hod 153, M.C. Hodgkinson 139, P. Hodgson 139, A. Hoecker 29, M.R. Hoeferkamp 103, J. Hoffman 39,
D. Hoffmann 83, M. Hohlfeld 81, M. Holder 141, S.O. Holmgren 146a, T. Holy 127, J.L. Holzbauer 88,
T.M. Hong 120, L. Hooft van Huysduynen 108, C. Horn 143, S. Horner 48, J.-Y. Hostachy 55, S. Hou 151,
A. Hoummada 135a, J. Howarth 82, I. Hristova 15, J. Hrivnac 115, I. Hruska 125, T. Hryn’ova 4, P.J. Hsu 81,
S.-C. Hsu 14, Z. Hubacek 127, F. Hubaut 83, F. Huegging 20, A. Huettmann 41, T.B. Huffman 118,
E.W. Hughes 34, G. Hughes 71, M. Huhtinen 29, M. Hurwitz 14, U. Husemann 41, N. Huseynov 64,r ,
J. Huston 88, J. Huth 57, G. Iacobucci 49, G. Iakovidis 9, M. Ibbotson 82, I. Ibragimov 141, R. Ichimiya 66,
L. Iconomidou-Fayard 115, J. Idarraga 115, P. Iengo 102a, O. Igonkina 105, Y. Ikegami 65, M. Ikeno 65,
Y. Ilchenko 39, D. Iliadis 154, N. Ilic 158, T. Ince 20, J. Inigo-Golfin 29, P. Ioannou 8, M. Iodice 134a,
K. Iordanidou 8, V. Ippolito 132a,132b, A. Irles Quiles 167, C. Isaksson 166, A. Ishikawa 66, M. Ishino 67,
R. Ishmukhametov 39, C. Issever 118, S. Istin 18a, A.V. Ivashin 128, W. Iwanski 38, H. Iwasaki 65, J.M. Izen 40,
V. Izzo 102a, B. Jackson 120, J.N. Jackson 73, P. Jackson 143, M.R. Jaekel 29, V. Jain 60, K. Jakobs 48,
S. Jakobsen 35, J. Jakubek 127, D.K. Jana 111, E. Jansen 77, H. Jansen 29, A. Jantsch 99, M. Janus 48,
G. Jarlskog 79, L. Jeanty 57, I. Jen-La Plante 30, P. Jenni 29, A. Jeremie 4, P. Jež 35, S. Jézéquel 4, M.K. Jha 19a,
H. Ji 173, W. Ji 81, J. Jia 148, Y. Jiang 32b, M. Jimenez Belenguer 41, S. Jin 32a, O. Jinnouchi 157,
M.D. Joergensen 35, D. Joffe 39, L.G. Johansen 13, M. Johansen 146a,146b, K.E. Johansson 146a,
P. Johansson 139, S. Johnert 41, K.A. Johns 6, K. Jon-And 146a,146b, G. Jones 118, R.W.L. Jones 71, T.J. Jones 73,
C. Joram 29, P.M. Jorge 124a, K.D. Joshi 82, J. Jovicevic 147, T. Jovin 12b, X. Ju 173, C.A. Jung 42, R.M. Jungst 29,
V. Juranek 125, P. Jussel 61, A. Juste Rozas 11, S. Kabana 16, M. Kaci 167, A. Kaczmarska 38, P. Kadlecik 35,
M. Kado 115, H. Kagan 109, M. Kagan 57, E. Kajomovitz 152, S. Kalinin 175, L.V. Kalinovskaya 64, S. Kama 39,
N. Kanaya 155, M. Kaneda 29, S. Kaneti 27, T. Kanno 157, V.A. Kantserov 96, J. Kanzaki 65, B. Kaplan 176,
A. Kapliy 30, J. Kaplon 29, D. Kar 53, M. Karagounis 20, K. Karakostas 9, M. Karnevskiy 41, V. Kartvelishvili 71,
A.N. Karyukhin 128, L. Kashif 173, G. Kasieczka 58b, R.D. Kass 109, A. Kastanas 13, M. Kataoka 4,
Y. Kataoka 155, E. Katsoufis 9, J. Katzy 41, V. Kaushik 6, K. Kawagoe 66, T. Kawamoto 155, G. Kawamura 81,
M.S. Kayl 105, V.A. Kazanin 107, M.Y. Kazarinov 64, R. Keeler 169, R. Kehoe 39, M. Keil 54, G.D. Kekelidze 64,
J.S. Keller 138, J. Kennedy 98, M. Kenyon 53, O. Kepka 125, N. Kerschen 29, B.P. Kerševan 74, S. Kersten 175,
K. Kessoku 155, J. Keung 158, F. Khalil-zada 10, H. Khandanyan 165, A. Khanov 112, D. Kharchenko 64,
A. Khodinov 96, A. Khomich 58a, T.J. Khoo 27, G. Khoriauli 20, A. Khoroshilov 175, V. Khovanskiy 95,
E. Khramov 64, J. Khubua 51b, H. Kim 146a,146b, M.S. Kim 2, S.H. Kim 160, N. Kimura 171, O. Kind 15,
B.T. King 73, M. King 66, R.S.B. King 118, J. Kirk 129, A.E. Kiryunin 99, T. Kishimoto 66, D. Kisielewska 37,



62 ATLAS Collaboration / Physics Letters B 717 (2012) 49–69

T. Kittelmann 123, A.M. Kiver 128, E. Kladiva 144b, M. Klein 73, U. Klein 73, K. Kleinknecht 81, M. Klemetti 85,
A. Klier 172, P. Klimek 146a,146b, A. Klimentov 24, R. Klingenberg 42, J.A. Klinger 82, E.B. Klinkby 35,
T. Klioutchnikova 29, P.F. Klok 104, S. Klous 105, E.-E. Kluge 58a, T. Kluge 73, P. Kluit 105, S. Kluth 99,
N.S. Knecht 158, E. Kneringer 61, E.B.F.G. Knoops 83, A. Knue 54, B.R. Ko 44, T. Kobayashi 155, M. Kobel 43,
M. Kocian 143, P. Kodys 126, K. Köneke 29, A.C. König 104, S. Koenig 81, L. Köpke 81, F. Koetsveld 104,
P. Koevesarki 20, T. Koffas 28, E. Koffeman 105, L.A. Kogan 118, S. Kohlmann 175, F. Kohn 54, Z. Kohout 127,
T. Kohriki 65, T. Koi 143, G.M. Kolachev 107, H. Kolanoski 15, V. Kolesnikov 64, I. Koletsou 89a, J. Koll 88,
M. Kollefrath 48, A.A. Komar 94, Y. Komori 155, T. Kondo 65, T. Kono 41,s, A.I. Kononov 48, R. Konoplich 108,t ,
N. Konstantinidis 77, A. Kootz 175, S. Koperny 37, K. Korcyl 38, K. Kordas 154, A. Korn 118, A. Korol 107,
I. Korolkov 11, E.V. Korolkova 139, V.A. Korotkov 128, O. Kortner 99, S. Kortner 99, V.V. Kostyukhin 20,
S. Kotov 99, V.M. Kotov 64, A. Kotwal 44, C. Kourkoumelis 8, V. Kouskoura 154, A. Koutsman 159a,
R. Kowalewski 169, T.Z. Kowalski 37, W. Kozanecki 136, A.S. Kozhin 128, V. Kral 127, V.A. Kramarenko 97,
G. Kramberger 74, M.W. Krasny 78, A. Krasznahorkay 108, J. Kraus 88, J.K. Kraus 20, F. Krejci 127,
J. Kretzschmar 73, N. Krieger 54, P. Krieger 158, K. Kroeninger 54, H. Kroha 99, J. Kroll 120, J. Kroseberg 20,
J. Krstic 12a, U. Kruchonak 64, H. Krüger 20, T. Kruker 16, N. Krumnack 63, Z.V. Krumshteyn 64, A. Kruth 20,
T. Kubota 86, S. Kuday 3a, S. Kuehn 48, A. Kugel 58c, T. Kuhl 41, D. Kuhn 61, V. Kukhtin 64, Y. Kulchitsky 90,
S. Kuleshov 31b, C. Kummer 98, M. Kuna 78, N. Kundu 118, J. Kunkle 120, A. Kupco 125, H. Kurashige 66,
M. Kurata 160, Y.A. Kurochkin 90, V. Kus 125, E.S. Kuwertz 147, M. Kuze 157, J. Kvita 142, R. Kwee 15,
A. La Rosa 49, L. La Rotonda 36a,36b, L. Labarga 80, J. Labbe 4, S. Lablak 135a, C. Lacasta 167, F. Lacava 132a,132b,
H. Lacker 15, D. Lacour 78, V.R. Lacuesta 167, E. Ladygin 64, R. Lafaye 4, B. Laforge 78, T. Lagouri 80, S. Lai 48,
E. Laisne 55, M. Lamanna 29, L. Lambourne 77, C.L. Lampen 6, W. Lampl 6, E. Lancon 136, U. Landgraf 48,
M.P.J. Landon 75, J.L. Lane 82, C. Lange 41, A.J. Lankford 163, F. Lanni 24, K. Lantzsch 175, S. Laplace 78,
C. Lapoire 20, J.F. Laporte 136, T. Lari 89a, A. Larner 118, M. Lassnig 29, P. Laurelli 47, V. Lavorini 36a,36b,
W. Lavrijsen 14, P. Laycock 73, O. Le Dortz 78, E. Le Guirriec 83, C. Le Maner 158, E. Le Menedeu 11,
T. LeCompte 5, F. Ledroit-Guillon 55, H. Lee 105, J.S.H. Lee 116, S.C. Lee 151, L. Lee 176, M. Lefebvre 169,
M. Legendre 136, B.C. LeGeyt 120, F. Legger 98, C. Leggett 14, M. Lehmacher 20, G. Lehmann Miotto 29,
X. Lei 6, M.A.L. Leite 23d, R. Leitner 126, D. Lellouch 172, B. Lemmer 54, V. Lendermann 58a, K.J.C. Leney 145b,
T. Lenz 105, G. Lenzen 175, B. Lenzi 29, K. Leonhardt 43, S. Leontsinis 9, C. Leroy 93, J.-R. Lessard 169,
J. Lesser 146a, C.G. Lester 27, C.M. Lester 120, J. Levêque 4, D. Levin 87, L.J. Levinson 172, A. Lewis 118,
G.H. Lewis 108, A.M. Leyko 20, M. Leyton 15, B. Li 83, H. Li 173,u, S. Li 32b,v, X. Li 87, Z. Liang 118,w, H. Liao 33,
B. Liberti 133a, P. Lichard 29, M. Lichtnecker 98, K. Lie 165, W. Liebig 13, C. Limbach 20, A. Limosani 86,
M. Limper 62, S.C. Lin 151,x, F. Linde 105, J.T. Linnemann 88, E. Lipeles 120, A. Lipniacka 13, T.M. Liss 165,
D. Lissauer 24, A. Lister 49, A.M. Litke 137, C. Liu 28, D. Liu 151, H. Liu 87, J.B. Liu 87, M. Liu 32b, Y. Liu 32b,
M. Livan 119a,119b, S.S.A. Livermore 118, A. Lleres 55, J. Llorente Merino 80, S.L. Lloyd 75, E. Lobodzinska 41,
P. Loch 6, W.S. Lockman 137, T. Loddenkoetter 20, F.K. Loebinger 82, A. Loginov 176, C.W. Loh 168, T. Lohse 15,
K. Lohwasser 48, M. Lokajicek 125, V.P. Lombardo 4, R.E. Long 71, L. Lopes 124a, D. Lopez Mateos 57,
J. Lorenz 98, N. Lorenzo Martinez 115, M. Losada 162, P. Loscutoff 14, F. Lo Sterzo 132a,132b, M.J. Losty 159a,
X. Lou 40, A. Lounis 115, K.F. Loureiro 162, J. Love 21, P.A. Love 71, A.J. Lowe 143,e, F. Lu 32a, H.J. Lubatti 138,
C. Luci 132a,132b, A. Lucotte 55, A. Ludwig 43, D. Ludwig 41, I. Ludwig 48, J. Ludwig 48, F. Luehring 60,
G. Luijckx 105, W. Lukas 61, D. Lumb 48, L. Luminari 132a, E. Lund 117, B. Lund-Jensen 147, B. Lundberg 79,
J. Lundberg 146a,146b, J. Lundquist 35, M. Lungwitz 81, D. Lynn 24, J. Lys 14, E. Lytken 79, H. Ma 24, L.L. Ma 173,
J.A. Macana Goia 93, G. Maccarrone 47, A. Macchiolo 99, B. Maček 74, J. Machado Miguens 124a,
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